ABSTRACT: Mechanical fatigue response of fiber-reinforced polymeric (FRP) composites is essential to better understand the durability of composite materials systems and to develop design specifications. Currently, the fatigue response of multidirectional glass composite materials is not well-understood and much needs to be done to understand their behavior under fatigue loading. In this study, three glass fabric FRP composite material coupons and systems are tested at constant lowamplitude fatigue loading. Experimental results show that for a given FRP material and load configuration, the energy loss per cycle due to fatigue damage is linear from about 10-90% of the fatigue life of the FRP composite material. The energy loss per cycle is determined to be a characteristic value of the constituent materials, and is found to vary with the induced fatigue strain levels by a power law. Based on the experimental results, a fatigue life prediction model is proposed, with internal strain energy as damage metric, to predict the useful life of FRP composites. The experimental and predicted fatigue lives at various strain levels are compared (S-N curves) and the model is found to be conservative.
INTRODUCTION
A and characterization of the composite materials under static, fatigue, and dynamic loading.
The long-term behavior and damage mechanisms of fiber-reinforced polymer (FRP) composite materials have been actively researched by material engineers/scientists during the past thirty years. The fatigue behavior of FRP composites is a complex process involving various changes in the microstructure of the material, before leading to different damage modes/types of failure. Earlier research has shown that the damage process in FRP composites under fatigue loading is progressive, and is a combination of various damage modes, such as matrix cracking, fiber breakage, delaminations, etc. [7] .
The different damage modes in FRP composites depend on various factors such as fiber architecture, fiber content, matrix properties (ductile/brittle), loading type, frequency of loading, load range, manufacturing process, etc. Extensive cracking (macro and micro) in the fiber/fabric-reinforced polymeric composite materials resulting in various damage modes under cyclic loading makes the fatigue life prediction of composite materials a complex task. However, from an engineer's point of view, the challenge is to choose materials and use them in a way to avoid failures within the service life of FRP components. In order to achieve safe service life, the mechanisms of degradation in service must be understood fully and life expectancy must be predicted with reasonable accuracy at design stage itself.
Although extensive research has been conducted to understand the fatigue response of FRP composite materials, the work has been limited to unidirectional composites with carbon or aramid fibers used in high-end aerospace applications under controlled environments. Life prediction models developed for unidirectional composites constituting unidirectional fibers will not be applicable to FRP bridge deck systems because these decks are made of glass-reinforcing fibers in the form of mats, fabrics, rovings, or combinations of these through pultrusion process. Hence, an extensive study is required to understand the fatigue behavior of fabric-based FRP composite materials and to predict their useful fatigue life.
In the past, researchers have shown that S-N curves (stress range vs. number of cycles) of uni-directional FRP composites have no clear threshold stress level as established in metals. Hence, life prediction models based on S-N curves of unidirectional FRP composites may not be applicable for FRP composite materials [3] . Unidirectional composite materials, under fatigue loading, have been characterized by a constant degradation rate in strength and/or stiffness due to damage accumulation with number of cycles [8] . Various models are available in the literature to predict fatigue life of composite materials using remaining/residual strength and/or stiffness loss as damage metric.
These models propose a gradual loss of stiffness and strength in composite materials due to fatigue loading. The degradation is due to the damage accumulated in the material with number of cycles and also depends on creep damage. These models maybe deterministic, predicting a single-valued stiffness property. In the residual strength approach, failure was assumed to occur when the applied stress equals the residual strength. In the residual stiffness approach, failure was assumed to occur when the stiffness or modulus reaches a critical value, which is determined by various failure theories. O'Brien et al. [6] assumed fatigue failures when the fatigue secant modulus degrades to the static secant modulus at the time of failure. Based on experimental results, Poursartip et al. [5] have shown that in carbon-fiber composite laminates, failure occurs when the stiffness of the material E ¼ 0.65E 0 , where E 0 is the stiffness of the material before loaded under fatigue.
In our study, the internal strain energy has been used as damage metric to predict the fatigue life of composite materials subjected to constant low amplitude fatigue. The strain energy of the material was taken as damage metric to quantify the fatigue damage accumulation in FRP composite materials due to higher sensitivity resulting from squaring of strain or curvature. Hwang and Han [1, 2] introduced the concept of fatigue modulus, which is defined as the slope of the applied stress and the resultant strain at a specific cycle. A similar approach is used herein to determine the internal strain energy of the material.
Objectives
The main objectives of this study are: (1) to understand the microstructural damage modes and the behavior of fabric-based FRP composite materials subjected to constant amplitude fatigue loading at coupon level, and (2) to develop a fatigue life prediction model for fabric-reinforced polymer material systems with internal strain energy loss per cycle as a damage metric.
ANALYTICAL FORMULATION

Variation of Internal Strain Energy with Fatigue Loading
Fiber-reinforced polymer composites under fatigue loading revealed that internal strain energy of the material is expended as externally induced work increases due to the damage accumulated in the material through matrix cracking, fiber delaminations, and eventual fiber breakage [4] . The energy expended by the composite material, due to the damage accumulation, is found to be a function of: (1) maximum induced strain, (2) strain range, (3) number of fatigue cycles, (4) loading type, and (5) mechanical properties of the composite material. The mechanical properties depend on manufacturing process, constituent materials, voids, percent cure, etc.
The increase in expended strain energy in FRP composites under cyclic loading with the number of fatigue cycles, called the energy curve, consists of three distinct stages, as shown in Figure 1 [4] . Stage I is identified with an initial loss of strain energy state higher than Stage II, while Stages II and III are identified respectively with reference to energy loss linearly varying with number of cycles and abrupt loss of energy leading to specimen failure.
The initial steep loss of energy in Stage I is attributed to the rapid interconnection of matrix cracking in finished composites initiated by shrinkage stresses, percent cure of resin, voids, and discontinuous fibers in the composite. Stage I is limited to %15-20% of fatigue life. Gradual increase of expended energy under increasing number of fatigue cycles in Stage II signifies the propagation of fatigue crack growth. Stage II is initiated primarily by matrix cracking leading to interfacial crack propagation and delamination across the thickness of the composite. The expended energy curve is linear during this stage and is a characteristic value of the material for a particular load or strain range. Stage II is of the order of 70-75% of the total fatigue life of a fiber composite specimen [4] .
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Stage III has been characterized herein by very high-energy loss per fatigue cycle i.e., 15-20 times higher than the energy loss per cycle of Stage II. The high-energy loss per cycle in Stage III is attributed to fiber failure leading to specimen failure. This energy loss in terms of total numbers of cycles to failure is limited to %10% of the total fatigue life of a fiber composite specimen. Since the degradation rate in Stage II is characteristic of the material for an induced fatigue strain range, and maximum strain value, the energy loss in Stage II can be used to predict the useful fatigue life of the material. Based on 38 coupon tests conducted under fatigue at room temperature, a theory is proposed with the following assumptions:
(1) Material response is linear under experimental fatigue strain ranges. (2) Maximum fatigue strain (mean strain plus 50% of strain range) is <70% of the ultimate static strain. The expended strain energy (induced by bending, tension, shear, or a combination of loads) per cycle, is a function of mean strain (" m ), strain range (" sr ), composite material type (C t ), i.e., which depends on fiber/fabric, process, cure rate, voids, etc and expended energy (U j ). The variation of expended energy (U j ) with number of cycles was experimentally found to be linear approximately up to 90% of the fatigue life of the composite. Equation (1) is nonlinear in terms of U j and depends on the strain energy expended by the composite at the time of fatigue initiation (U 0 ), which maybe attributed to material, and process (fabric tension, cure), defects, voids, shrinkage, microcracking, and mean strain energy (" m ). For ideal conditions, U 0 is zero. Equation (1) can be written in terms of number of cycles as:
where, f varies with reference to " m , " sr , U j , U 0 , and
where, g depends on external loading type and material type. The function g has to be determined from experimental trends. Differentiating Equation (3) with respect to N j and subsequently substituting Equation (1) results in:
Rearranging Equation (4),
The right-hand side of Equation (5) has to be evaluated for " m and " sr , keeping other parameters constant i.e., C t and process content. U 0 is nonzero for mean strain level " m , which is a percent of static ultimate strain energy of the composite material. As explained earlier, the energy release rate dU j /dN j , i.e., the rate of energy expended per load cycle is linear for most of the materials subjected to constant low amplitude fatigue strains ( Figure 1 ). Hence, the energy release rates for the material, at various strain levels, can be determined experimentally by performing regression analysis on the data collected under Stage II of the energy curves ( Figure 1 ). The function f (" m , " sr , U j , C t ) can then be experimentally determined by plotting the variation of the energy release rate with maximum induced strain.
EXPERIMENTAL FORMULATION Material Description
The fatigue tests were conducted on three different GFRP composite plates (MAT 1, MAT 2, MAT 3) with different combinations of fabrics and glass roving ( Table 1 ). All the three materials under study were made of glass/vinyl ester and manufactured in the form of plates by pultrusion process. MAT 1 and MAT 2 were 0.25 in. thick plates, while MAT 3 was a 0.50 in. thick plate. MAT 1 and MAT 3 contained 2D fabrics, while MAT 2 was made of 3D stitched fabrics. Tension-tension fatigue tests were performed on two Fatigue Response of Fabric-reinforced Composites plates, MAT 1 and MAT 2, while bending fatigue test was performed on MAT 3. A minimum of three static tests (tension and bending) were conducted prior to fatigue tests to determine the static strength and stiffness of the laminates.
Test Specimen Preparation
The test specimens used in fatigue tests were cut from a single plate of each material to avoid differences in constituent materials during the manufacturing process. Tension test specimens were prepared according to ASTM D 3039. The rectangular coupons (10 in. Â 0.50 in.) were cut along the longitudinal direction of the plates and the edges were smoothened to avoid any edge defects. Additional tab material, which is the same as the test specimen material, was bonded to the specimens in the coupon gripping regions to reduce the stress concentration generated by clamping the coupon and to provide a wear surface between the composite and the metal wedge grips. However, it was ground to a lesser thickness (0.125 in.) and the tabs were bonded to the coupons using Plyogrip, a urethane-based adhesive. The tabs were 3 in. long and were ground till they tapered at the ends after bonding to the test specimens. The specimens for three-point bending tests were prepared in conformance with ASTM D 790. The rectangular bending test specimens (10 in. Â 1 in.) were cut along the longitudinal direction i.e., along the 0 fiber direction of the plates. The edges were smoothened and no further preparation was required for the test specimens under bending fatigue. Strain gages were installed at the center of the specimen to record strains.
Mechanical Testing Equipment
The fatigue tests were performed on two different machines. A few tension fatigue tests on MAT 1 were conducted using an Instron 1331 testing machine controlled by a MTS 407 controller and the rest of the fatigue tests were performed on Instron 8501 (Figure 2 ). Both the machines had their respective transducers, load cell, extensometer, and actuator LVDTs, calibrated for their respective functions as per the manufacturer's instructions. A set of standard tension test grips, which could accommodate a maximum of 0.5 in. thick specimens, was used for the tension tests. A special fixture designed at the Constructed Facilities Center, West Virginia University, was used for the three-point, static and fatigue, bending tests ( Figure 2 ).
Test Methodology
All fatigue test specimens, in this study, were loaded through a constant amplitude sine waveform generated by the controller of the respective test machines. At high frequencies (>10 Hz), the fatigue life of composite materials is significantly affected due to adiabatic heating of the material. Hence, a nominal frequency of 4 Hz was used in all tensiontension fatigue tests and a frequency of 0.5 Hz was used for the bending fatigue tests. A test frequency of 0.5 Hz was chosen for bending tests because the load levels for the material (MAT 3) were very low and deflections were very high, leading to difficulty in inducing loads at higher frequencies. Fatigue tests were performed at various strain ranges (25-80% of the ultimate strain) of the material. A minimum of two tests were performed for a particular strain range. A minimum induced load of 500 lb for the tension-tension fatigue specimens was chosen, so that the specimen can be in tension during testing; thus avoiding microbuckling of fibers under compression. A minimum load of 100 lb for bending fatigue specimens was used for all the tests so that the test specimens tension at bottom fibers, during the entire length of test period.
The testing machine was numerically controlled by a computerized data acquisition system. A built-in load cell and an LVDT were used to measure respectively the load and deflection (i.e., relative movement of the actuator position) during testing. The deflection data were used to determine the fatigue modulus (E n ) and the strain energy (U n ) at any cycle, using the following equations:
For tension-tension fatigue: 
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where, P n is the load at n cycles, n is the deflection after n cycles, A is the cross-sectional area and ' is the length of the test specimen. For bending fatigue:
where, P n is the applied load after n cycles, n is the deflection after n cycles, and ' is the test span, and I is the moment of inertia for the cross section.
RESULTS AND DISCUSSION
S-N Plots
The fatigue test results of MAT 1, MAT 2, and MAT 3 were used to plot a semi-log S-N plot for the three materials, as shown in Figure 3 . Unlike metals, it can be seen from the S-N plot that there was no significant threshold for the materials, which is common in fiber-reinforced composites. The load conditions and number of cycles to failure for the test specimens are shown in Appendix A.
The Energy Curve
The deflection data were recorded at regular intervals of cycles for each fatigue specimens until failure. The strain energy expended by the material was calculated (Equations (7) and (9)) at each data point and energy curves were plotted for all the test specimens. Figure 4 shows a sample energy curve for a specimen tested in tension-tension fatigue. Assuming 10% lifeline as end of Stage I, and 90% line as the end of Stage II, the energy curves were plotted for Stage II as a linear variation with respect to the number of cycles. The curves (Stage II) were then fitted linearly using regression analysis and plotted for each specimen. The point at which the linear fit is tangential to the energy curve is identified as the end of Stage I. The expended energy of the specimens at various stages is determined from the energy curves and tabulated for all three materials, as given in Table 2 .
The slopes of the fits in Figure 4 represent the energy release rate (dU/dN) i.e., rate of change of energy per load cycle. Although Stages I and III are neglected in determining the energy release rate, the energy of the specimen before fatigue loading (U 0 ) and the energy of the specimen just before failure (U f ) are required for better prediction of life. A considerable amount of energy is expended during Stage I and it depends upon the process type, percent of cure, void ratio, and resin type of a composite. To make an accurate life prediction of a composite under fatigue, the total energy expended by the composite material from the first cycle to failure should be considered.
The energy curves show that beyond the 90% lifeline (N/N f ¼ 0.9), an abrupt increase in energy (Stage III) within a short period of time leading to total failure was observed. In most cases, Stage III should be ignored in accounting for additional fatigue life of a specimen because the specimen fails suddenly. As explained earlier, fiber breakage is the dominant failure mode in Stage III. When fibers start to fail, the average strength of the composite reduces drastically and stresses in individual fibers increase due to delamination of the outer fibers. Hence, the specimen fails immediately. Predicting fiber failure is probabilistic, which depends on various reasons (manufacturing defects, voids, fiber volume fraction, matrix properties, etc.). From the energy curves, it was determined that Stage III occurs only at the last 10% of the fatigue life of a test specimen. Therefore, conservatively, one can assume that Stage III initiates somewhere around the 90% lifeline.
The internal strain energy (tension, bending, shear, or combinations) at the 90% lifeline was found and is tabulated in Table 2 Fatigue Response of Fabric-reinforced Composites the specimen, the total energy expended by the specimen from the start of the fatigue test to the 90% lifeline was determined (Table 2) . Approximately, a 50% increase in the total energy expended (from 0 cycles to failure) was observed by almost all the specimens. This was consistent with all three materials. From the above-mentioned assumptions, the following conclusions can be drawn: where, U f is the expended energy of the specimen just before failure, U 0 is the static energy of the specimen under static mean loading just before initiating fatigue loading, including reductions due to voids, fiber breakage, improper cure, etc., N f is designated as the number of fatigue design cycles of a test specimen at 90% of the number of cycles at ultimate N ult .
Note: Recognizing that the load transfer in a composite is dependent on fiber and fabric type, and also observing progression of fatigue cracking is primarily dependent on the rate of progression of microcracking in the resin, expended energy to failure of a composite increases by no more than 50% of the initial strain energy induced by external loads. It is recognized that certain threshold level of strain in resin does exist for indefinite fatigue life, which is very small i.e. around 5-10% of " ult of the composite material.
Energy Release Rate
The slope of Stage II in the expended energy per cycle which is referred to as the energy release rate (dU/dN), can be obtained for each specimen by performing a regression analysis of the expended energy data in Stage II. The energy release rate per cycle is found to be constant and is characteristic of the constitutive material, under similar loading conditions (strain range). The energy release rate of a composite material increases with increase in induced strain range, which is a fraction of the static ultimate strain of the material.
The variation in energy release rates (dU/dN) with normalized maximum induced strain was plotted, as shown in Figure 5 , and the data points were fit using a power law, such that:
MAT 3 -y=1.587x 
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where, " max is the maximum induced strain of the material, " ult is the static ultimate strain of the material, and a, b are the fatigue coefficients. The fatigue coefficients (a, b) in Equation (11) were determined for the three materials and presented in Table 3 . The fatigue coefficients (a, b) are material properties and are the characteristic values of a composite material.
Factors Affecting Fatigue Coefficients
MAT 1, MAT 2, and MAT 3 consist of the same type of fiber (E-glass) with the same resin system (vinyl ester) except the variations given in Table 1 . All the three plates were manufactured by pultrusion process. However, the slopes of the S-N curves for the three materials show that MAT 1 performed better under fatigue when compared to MAT 2 and MAT 3. A big difference in value of a exists between MAT 1 and MAT 2 (Table 3) , which can be attributed to the presence of 3D fabrics in MAT 2. From Table 3 and the S-N curves, it can be seen that the fatigue resistance is better for materials with higher value of b. The values of fatigue coefficients (a, b) depend on various factors, such as fiber content, laminate sequence, specimen thickness, loading condition, process type, etc.
FIBER CONTENT
Since fibers carry most of the tensile and compressive stresses in FRP composites, it is common to think that the fatigue response improves with increased fiber volume fraction. Although it is true in unidirectional composites with continuous fibers, experimental results have shown that the fatigue response in fabric-reinforced composites is actually poorer at fiber volume fractions >40%.
The fiber crossover points in fabrics act as stress concentration sites to initiate resin cracking and interfacial debonding, resulting in poorer fatigue resistance than in unidirectional fiber composites. In triaxial fabrics, the 0 fibers are forced tight against the 45 fibers and when the matrix cracks in the 45 direction, the main load bearing fibers in the 0 direction fail sooner due to higher stress concentrations. This effect is not seen in unidirectional composites, where good fatigue resistance is maintained at least up to a fiber volume fraction of 60%. The fatigue response of laminated composites composed of fabrics is found to be poorer at high percentage (>60%) fiber volume fractions.
FIBER ARCHITECTURE
The fatigue performance of FRP composites largely depends on the fiber volume fraction in the loading direction i.e., 0 strands in case of tensile fatigue. Table 4 gives the breakdown of the amount of fibers in different directions for the three materials (MAT 1, MAT 2, and MAT 3). Table 4 shows that MAT 1 had 9% and 5% more fibers in the loading direction when compared to MAT 2 and MAT 3, respectively. Unidirectional composites loaded in the transverse direction of the fiber orientation have shown poorer fatigue resistance than those tested along the fiber direction. This is because the transverse stiffness of fibers is generally 10 times lower than the longitudinal stiffness. Table 4 shows that MAT 1 had 4% less fibers in the transverse direction than in MAT 2, hence lower fatigue resistance.
MAT 1 and MAT 3 consist of 2D woven fabrics and MAT 2 consist of 3D stitched fabrics. The presence of fibers in the 2nd direction for MAT 1 and 3 and in 3rd direction in MAT 2 leads to stress concentration effects; hence, poorer fatigue resistance when compared to unidirectional composites [4] .
LOADING TYPE
MAT 1 was tested under tension-tension fatigue and MAT 3 was tested under bending fatigue loads. As mentioned earlier, the failure process under bending fatigue was dominated by delamination in the tension side of the specimen. This leads to an increased loss in the moment of inertia of the specimen due to delamination of composite layers located on the tension side.
SPECIMEN THICKNESS
The fatigue resistance of FRP composites decreases with an increase in thickness due to shear lag. Also, with an increase in thickness of the composite, it is difficult to control the percent of void and proper curing of the laminate and hence, the fatigue resistance is poor.
Comparison of b for MAT 1 and MAT 3 reveals a small reduction in b which is attributed to an increase in thickness of the test specimen.
Fatigue Life Prediction using Energy Curves
The energy release rates from Figure 5 has been used to predict fatigue life of FRP composite materials, since the fatigue coefficients a and b are invariant for a particular material under a given loading type. From Equations (3) and (9), the fatigue life can be written as: where, U f is the strain energy just before entering Stage III or at the end of Stage II, U 0 is the internal strain energy of the material at " m before fatigue loading, and N f is the fatigue life of a specimen, just before entering Stage III, which is %90% of the total number of cycles to failure. It should be noted that additional fatigue cycles are needed before failure i.e., end of Stage III, which is neglected in the prediction procedure. Since the specimen is loaded linearly up to the mean strain level before applying fatigue load, the expended energy of the material before fatigue loading is the energy at the mean level. Hence, the energy of the material at 0 cycles can be written as follows, after recognizing that the expended strain energy due to shrinkage, voids, local defects, and other anomalies are neglected.
ðfor three-point bendingÞ
where, P mean is the mean load of the cyclic load (average of maximum and minimum load applied on the test specimen), E is the Young's modulus in the loading direction, ' is the span, I is the moment of inertia of the cross section, and A is the cross-sectional area of the specimen. The fatigue life of a material can be obtained experimentally for a particular loading, since a and b are invariant. From Equations (2), (10), and (11), N f can be written as:
where, U 0 can be determined from Equation (13) and the fatigue coefficients a and b for the material are determined from experiments. Using Equation (14), the fatigue life of the three material types under consideration are predicted. The S-N plots of both, the experimental and predictive values, are plotted in Figures 6-8 . The error from our proposed prediction methodology was within AE10% of the experimental results.
It should be noted that life prediction model based on energy release rates can be extended to multiaxial loading cases, such as combination of axial and bending with different amplitudes of induced stresses ranging from %25-70% of ultimate strain, using Equations (13) and (14). However, principal stress states under different loading conditions and orientations have to be established before predicting fatigue life. The fatigue life prediction under multiaxial loading cases is beyond the scope of this work.
The fatigue life prediction of composites with variable amplitude loading conditions can be accomplished by summing the energy release rates for varying load amplitudes for corresponding number of cycles, and finding N f , after inserting the total expended energy into Equation (14). The proposed procedure, though appears to be theoretically sound, requires experimental verification.
CONCLUSIONS
Upon testing three, multidirectional, glass FRP composite materials under fatigue loading at various strain levels, the following conclusions are drawn: . A fatigue life prediction model, based on the expended energy loss per cycle, is proposed based on three FRP composite materials tested and evaluated under this program. . The experimental and predicted fatigue lives at various strain levels are compared (S-N curves) and the model is found to be conservative within 10% error for all the three material types under different loading types. APPENDIX A Figure A1 . Fiber architecture of the three materials under study. 
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